In southwestern China, tropical karst forests (KF) and non-karst rain forests (NKF) have different species composition and forest structure owing to contrasting soil water availability, but with a few species that occur in both forests. Plant hydraulic traits are important for understanding the species' distribution patterns in these two forest types, but related studies are rare. In this study, we investigated hydraulic conductivity, vulnerability to drought-induced cavitation and wood anatomy of 23 abundant and typical woody species from a KF and a neighboring NKF, as well as two Bauhinia liana species common to both forests. We found that the KF species tended to have higher sapwood density, smaller vessel diameter, lower specific hydraulic conductivity (k s ) and leaf to sapwood area ratio, and were more resistant to cavitation than NKF species. Across the 23 species distinctly occurring in either KF or NKF, there was a significant tradeoff between hydraulic efficiency and safety, which might be an underlying mechanism for distributions of these species across the two forests. Interestingly, by possessing rather large and long vessels, the two Bauhinia liana species had extremely high k s but were also high resistance to cavitation (escaping hydraulic tradeoff). This might be partially due to their distinctly dimorphic vessels, but contribute to their wide occurrence in both forests.
Introduction
Water availability is a key factor in determining plant species distribution, community structure and diversity in many tropical forests (Engelbrecht et al. 2007, Poorter and Markesteijn 2008) . For example, clear patterns in species distribution along the moisture gradient have been observed in many tropical regions such as the Cerrado-Amazonian forest transition zone in central Brazil (Tuomisto et al. 2003) and across the Kangar-Pattani Line in Southeast Asia (Baltzer et al. 2007 ). The association between water availability and community composition has been amply documented Engelbrecht 2009, Fortunel et al. 2014) . Recent studies have reported that plant hydraulic architecture is a key mechanistic trait determining the species explain hydraulic adaptation in plants growing in environments with various water availabilities, e.g., species from dry habitats tend to have narrower vessels, more dense wood, and thus greater resistance to drought-induced cavitation but lower hydraulic conductivity compared with those from wet habitats Sperry 2000, Canham et al. 2009 ). By contrast, such a tradeoff is not found in nine Cordia species growing in three tropical rain forests (Choat et al. 2007) , or is rather weak in global data meta-analysis (Gleason et al. 2016) .
Southwest China covers one of the world's largest continuous karst zone, with a total karst land area of 550 000 km 2 (Yuan 1992 ). The forests in this karst zone host a high richness of total and endemic plant species (Zhu et al. 1998) . The habitats of karst areas are characterized by large rock outcrops, shallow and patchy soils, and rapid subterranean drainage and overland flow (Yuan 1992 , Zhang et al. 2011 . Therefore, karst plants frequently experience drought because of low soil water availability, particularly in the dry season (Fu et al. 2012 (Fu et al. , 2015 . Previous forest surveys have reported that tropical karst forests (KF) differ significantly in species composition from adjacent non-karst rain forests (NKF; Zhu et al. 1998 Zhu et al. , 2003 . However, a few species can be found commonly in both forests (Zhu et al. 1998) , for example, two Bauhinia liana species, Bauhinia tenuiflora (Watt ex C.B. Clarke) and Bauhinia touranensis Gagnep. Plant hydraulic traits might be an underlying mechanisms governing species distribution patterns in these two forests, but related studies are rare. Lianas are climbing plants that produce little wood for mechanical support (Gerwing et al. 2006) , and are an important component of tropical forests (Schnitzer and Bongers 2002) . It is generally assumed that lianas possess high water transport efficiency due to large and long vessels (Ewer and Fisher 1991, Jacobsen et al. 2012 ), but are highly susceptible to droughtinduced cavitation Cao 2009, Van der Sande et al. 2013) . However, several liana species from either arid or humid regions have been reported to be highly resistant to cavitation (Choat et al. 2010 , Vergeynst et al. 2014 , Carvalho et al. 2015 . In a previous study, Baas et al. (2004) indicated that lianas possessing both large and small vessels in the wood might achieve both hydraulic efficiency and safety. This speculation has not been closely tested.
In the present study, we investigated the hydraulic conductivity, vulnerability to cavitation and wood anatomy of 23 abundant and typical tree and liana species from a KF and an adjacent NKF, as well as the two Bauhinia liana species common to both forests. We hypothesized that the KF species would have lower hydraulic conductivity with smaller vessels but higher resistance to cavitation than the NKF species. In addition, we expected that the two Bauhinia liana species might deviate from the hydraulic tradeoff and represented both high hydraulic efficiency and low vulnerability to cavitation, which might provide an explanation for their common occurrence in both forests.
Materials and methods

Study sites and plant materials
The present study was carried out in the tropical NKF and the tropical KF, which are attached to the Xishuangbanna Tropical Botanical Garden (XTBG; 21°54′N, 101°46′E) in southern Yunnan, China. This region is profoundly influenced by the Indian Ocean monsoon and thus has a distinct dry season from November to April. Mean annual precipitation is~1600 mm, of which~80% occurs in the wet season between May and October. The mean annual temperature is 22.7°C, with monthly temperatures ranging from 14.8°C in January to 25.5°C in July. The tropical NKF has a total area of 100 ha, at an altitude of 570 m. This forest has multiple tree layers, with an average canopy height of 20 m. The soil has a shallow water table. The tropical KF grows in a limestone hill close by XTBG (300 ha), at altitudes of 650-700 m. The hill top is rocky without soil, and the slope is covered by shallow soil with many karst outcrops. The depth of the water table was estimated to be at least lower than 10 m (Liu et al. 2013) . This forest has two distinctive tree layers, with the upper layer standing 15 m tall on average (Zhu et al. 1998 ). According to Chen et al. (2015) , the soil water potential (0-30 cm) of NKF and KF is −0.26 and −0.24 MPa, respectively, in the wet season, and −0.9 and −3.2 MPa, respectively, at the peak of a dry season.
In this study, we selected a total of 23 abundant and typical tree and liana species from the KF (10 species) and the NKF (13 species), as well as two Bauhinia liana species (B. tenuiflora and B. touranensis) common to both forests (Table 1 ). All the plants were mature and the liana species reached the forest canopy; all the tree species sampled were not covered by any lianas. We measured all the hydraulic traits during the wet season. Terminal branches carrying new, fully expanded, healthy sunexposed leaves were harvested from the canopy crowns using a tree pruner attached to a long pole. Five individuals per species were sampled.
Hydraulic conductivity
Maximum vessel length (MVL) for each species was measured using the air infiltration technique (Ewers and Fisher 1989) . Long branches were collected and low air pressure (60 kPa) was applied to the distal end of the branch segment. The proximal end of the branch was trimmed at 1 cm intervals in water until the first air bubble emerged from cut end. The MVL was determined as the length of remaining segment plus 0.5 cm (data shown in Table S1 available as Supplementary Data at Tree Physiology Online).
A total of 10 long leaf-bearing sun-exposed branches from five mature individuals for each species were harvested before sunrise, sealed in black plastic bags with moist towels, and immediately transported to the laboratory. The targeted segments were re-cut under water and trimmed with a sharp razor blade. The remaining segments used for hydraulic measurement were~6-10 mm in diameter and~10% longer than MVL for each species. Segments were flushed with a filtered (0.2 μm) 20 mM KCl solution at a pressure of 0.1 MPa for~20-30 min to remove air embolisms. Each segment was then connected to an apparatus for hydraulic conductivity measurement (Sperry et al. 1988 ). An elevated water reservoir supplied the same flush solution to the segment with a head pressure of~5.5 kPa. Water flow through the segment was allowed to equilibrate for~5-10 min, after which the mass flow through the segment over time was measured. Maximum hydraulic conductivity of the segment (k h ) was calculated as k h = FL/ΔP, where F is the flow rate (kg s -1 ), ΔP is the pressure gradient (MPa) through the segment and L is the length of the segment (m). Sapwood specific hydraulic conductivity (k s , kg m
) is calculated by dividing k h by the cross-sectional sapwood area in the middle of segment (A S ). Leaf specific hydraulic conductivity (k l , × 10
) was calculated as the ratio of k h to the total area of leaves distal to the stem segment (A L , m 2 ). Leaf to sapwood area ratio (A L /A S ) was calculated by dividing A L by A S .
Vulnerability curves
The air-injection method was used to establish xylem vulnerability curves (Cochard et al. 1992) . To avoid the potential sample length 'artifact' (Choat et al. 2010) , the segment length for each species used in the air-injection measurements was higher than the sum of MVL plus chamber length (Ennajeh et al. 2011) . Each segment flushed to achieve maximum hydraulic conductivity (as described for above hydraulic measurements) was placed into a pressure sleeve (10 cm) connected to a pressure tank (PMS 1000, Corvallis, OR, USA). Cavitation was induced by applying a series of increasing pressures on the same segment for 10-15 min. After each pressurization treatment, the pressure was released and the stable hydraulic conductance (k i ) was measured. The percent loss of conductivity (PLC, %) was calculated as PLC = 100 × (k max -k i )/k max . The vulnerability curves were plotted using PLC as a function of xylem tension (equals the negative value of applied pressure), and were fitted using a three-parameter sigmoid model in SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA). Xylem tension causing 50% loss of hydraulic conductivity (P50, MPa) was used to describe vulnerability to drought-induced cavitation. Five branch segments for each species were used to determine the xylem vulnerability curves.
Sapwood density and wood anatomy
After hydraulic conductivity measurements, the remaining segments were used for wood trait analyses. The bark and pith were ) was calculated as the ratio of dry mass to fresh volume. Transverse sections of tissue were obtained from the sapwood with a sliding microtome (SM2010R, Leica, Wetzlar, Germany). Images of the slides were scanned by a light microscope equipped with an ocular micrometer (DM2500, Leica, Wetzlar, Germany) and were analyzed with ImageJ software (version 1.44; http://rsb. info.nih.gov/ij/). We counted the number of vessels per unit transection (average counts from 15 fields), and measured their diameters ( 
Statistical analysis
We used linear mixed-effects models (LMM) to analyze the effects of site (KF or NKF) and group (liana or tree) on variances of hydraulic traits, with species as a random factor. Because the outlier nature of the trait values of the two common liana Bauhinia species strongly affected the analyses, we next tried to exclude them from the analyses. However, without common species between each fixed factor (site or group), species could not be pointed as a random factor and LMM could not be applied. So a two-way ANOVA was also conducted for the remaining 23 species. Meanwhile, we compared traits of the two Bauhinia species between the two sites using t-tests. To homogenize variance, all the data were log-transformed before analysis. Models were conducted using the lme4 package in R (R Development Core Team 2013), to assess statistical significance of fixed factors by Type III ANOVA with Satterthwaite's approximation of denominator degrees of freedom, and of random factors using likelihood ratio tests in the lmerTest package. The relationships between P50 and other hydraulic traits (k s , D H and WD) were analyzed using exponential growth equation or linear function from a plotting program (SigmaPlot version 12.5, Systat Software Inc.).
Results
Based on the linear mixed-effects models, both the site and plant group, and the interaction of site and group had significant effects on most of the six hydraulic traits, except that only group effect was non-significant for A L /A S , and only site and interactive factors were non-significant for P50 (Table 2 ). Species as a random factor could explain a high proportions of the random residuals (Table 2) . Without the two common Bauhinia liana species, there were no longer interactive effects of site and group, while site and group still showed significant effects on the six hydraulic traits, except that only group effect was non-significant for k l (see Table S2a available as Supplementary Data at Tree Physiology Online). However, all the six traits of the two common Bauhinia species showed no differences between the two sites (P > 0.05; see , respectively) among species (Figure 1 and see Table S1 available , respectively) and the largest D H (310 and 344 μm, respectively), but were relatively less vulnerable to cavitation among species in this study ( Figure 2 ). Unlike other tree and liana species, cross-sections of branch xylem of the two Bauhinia liana species were composed of extremely large vessels (>400 μm) as well as many small vessels (<50 μm; see Figure S2 available as Supplementary Data at Tree Physiology Online).
Out of the 25 species in this study, P50 values of 16 species in the same study sites were previously determined by using the bench-drying method, and the results from these two methods were similar (see Figure S1 available as Supplementary Data at Tree Physiology Online), indicating the validity of P50 data of this study. We found that P50 was positively correlated with k s and D H , but was negatively correlated with WD across the 23 typical KF and NKF species (Figure 3) , indicating a significant hydraulic efficiency-safety tradeoff among these species. Remarkably, B. tenuiflora and B. touranensis were found to escape from such a tradeoff, with both high hydraulic efficiency and safety (Figure 3 ).
Discussion
Different hydraulic traits between tropical KF and NKF
Our results showed that woody plant species from KF tended to have higher sapwood density, narrower vessel diameter, lower hydraulic conductivity, and were more resistant to drought-induced cavitation than those from NKF (Figures 1 and 2) . Previous studies at the same study sites have demonstrated that water availability differed significantly between the two forests (Fu et al. 2015 , Chen et al. 2016 . For example, at the peak of a dry season, soil water potential in the KF could decline to less than −3.0 MPa, while adjacent NKF remains well above −1.0 MPa (Chen et al. 2015) . A principal mechanism by which drought leads to tree mortality is the loss of xylem hydraulic conductivity, and some plants appear to be at higher risk of mortality when PLC exceeds 80% (Kursar et al. 2009 , Anderegg et al. 2016 . One important feature for woody plants to adapt to drought is to possess highly cavitation-resistant xylem to prevent hydraulic failure (Maherali et al. 2004 , Pratt et al. 2007 , Barigah et al. 2013 , Pfautsch et al. 2016 . Therefore, compared with NKF tree species, the hydraulic characteristics of KF tree species indicated a better adaptation to water-stressed environment. A similar pattern was also found in lianas, with the two typical KF liana species (Combretum latifolium and Ventilago calyculata) being relatively more resistant to cavitation than three typical NKF liana species (Millettia pachycarpa, Uncaria macrophylla and Byttneria integrifolia; Figure 2 and see Table S1 available as Supplementary Data at Tree Physiology Online). Despite strong differences in hydraulic traits between the two forests, there were significant relationships between P50 and WD, D H and k s across the 23 typical KF and NKF species (Figure 3) . Our results supported the hydraulic efficiency-safety Table 2 . The results of linear mixed-effected models with hydraulic traits of all the species as response variables. Site (karst or non-karst forest) and group (liana or tree) are fixed factors and species is the random factor. Sampling sizes (n), degrees of freedom (df), F values, P (ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001) and residual variance of random effect are reported. Abbreviation: k s , sapwood specific hydraulic conductivity; k l , leaf specific hydraulic conductivity; A L /A S , leaf area to sapwood area ratio; WD, sapwood density; P50, xylem water potential at 50% loss of hydraulic conductivity; D H , hydraulically weighted vessel diameter. Figure 1 . (a) Sapwood specific hydraulic conductivity (k s ), (b) leaf area to sapwood area ratio (A L /A S ) and (c) leaf specific hydraulic conductivity (k l ) of the 25 woody species. Symbols: dark gray bars, the two Bauhinia liana species (common to both forest); light gray bars, tree and liana species from tropical non-karst rain forest; white bars, tree and liana species from tropical karst forest. Note that no significant differences in these traits was found between sites for the two Bauhinia liana species (see Table S2 available as Supplementary Data at Tree Physiology Online), so we showed the mean values of each trait calculated from all the replicates. The bars of lianas are cross-hatched. Species abbreviations follow Table 1 . Data are means + 1SE.
Tree Physiology Online at http://www.treephys.oxfordjournals.org tradeoff for these forest communities, which might be an important eco-physiological mechanism underlying species distribution across the two forests with different soil water availability. Compared with NKF species, KF species tended to have a lower value of A L /A S (Figure 1b ). An effective adaptation for woody plant to cope with drought is to reduce the leaf to sapwood area ratio (Drake and Franks 2003) . In a previous study, Carter and White (2009) also reported that Eucalyptus kochii, a common tree species in southwestern Australia, had a significantly lower A L /A S when growing in a dry site than in a wet site. In another study, Martinez-Vilalta et al. (2009) found a significantly negative relationship between A L /A S and climate aridity index across 12 Scots pine populations grown in a wide range of environmental conditions. The authors concluded that modification of A L /A S was an important hydraulic adjustment in response to local climatic conditions. This is due to the fact that reduction in leaf to sapwood area ratio can avoid excessive transpirational water loss and promote leaf-level water supply, resulting in a low risk of hydraulic failure (Gotsch et al. 2010 ).
There was a larger variation in P50 values in the KF than that in the lowland rain forest, i.e., coefficient of variation was 38% for KF, but 19% for NKF. This might be partially due to the large spatial differentiation in micro-habitats in the karst hill (Zhu et al. 1998 , Zhang et al. 2011 , which leads to spatial distributions of plant species that are potentially determined by differential resistance to drought (Baltzer et al. 2008) . For example, two karst tree species Cleistanthus sumatranus and Pistacia weinmannifolia, which occurred in the middle to top of karst hill that is mostly rocky without soils (Zhu et al. 1998) , showed the highest resistance to cavitation among species (P50 values were −3.4 and −4.1 MPa, respectively). Meanwhile, another two karst tree species Lasiococca comberi and Celtis philippensis, which dominated in the lower slopes with a certain amount of soil and less outcrops, were relatively less resistant to cavitation (P50 values were −2.0 and −2.1 MPa, respectively) among the karst tree species in this study (Figure 2 and see Table S1 available as Supplementary Data at Tree Physiology Online). Figure 1 and Table 1 , respectively. Note that no significant differences in these traits was found between sites for the two Bauhinia liana species (see Table S2 available as Supplementary Data at Tree Physiology Online), so we showed the mean values of each trait calculated from all the replicates. Data are means + 1SE.
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Hydraulic traits of the two Bauhinia liana species common to both forests
The two Bauhinia liana species showed extraordinary high k s compared with the other species (Figure 1 and see Table S1 available as Supplementary Data at Tree Physiology Online). Such high k s values have been also reported in some other tropical liana species, such as Entadopsis polystachya (Gartner et al. 1990) and Maripa panamensis (Van der Sande et al. 2013) . Undoubtedly, the high k s of the two Bauhinia species was primarily due to their extremely wide and long vessels (Figure 2 and see Table S1 available as Supplementary Data at Tree Physiology Online), given that hydraulic efficiency is proportional to vessel diameter to the fourth power (Tyree and Zimmermann 2002) , and is less limited by end wall resistances in long vessels (Jacobsen et al. 2012) . In contrast to the general view that lianas tend to maximize their hydraulic efficiency at the expense of hydraulic safety, which is called a 'sacrificial strategy' (Hacke et al. 2006) , the two Bauhinia species were highly resistant to cavitation (Figure 3) . Similar results were also found in a largevesseled grapevine species Vitis vinifera, with a P50 value less than −2 MPa based on both air-injection and NMR imaging measurements (Choat et al. 2010) .
What could be the causes for high cavitation-resistance in the two Bauhinia liana species? It was found that their xylem showed distinctive dimorphic vessels (see Figure S2 available as Supplementary Data at Tree Physiology Online), which is particularly evident in Bauhinia liana species (Ewers et al. 1990 ). The extremely large vessels allow for a high hydraulic efficiency, while the many small vessels provide a high resistance auxiliary transport system (Carlquist 1985, Rosell and Olson 2014) . This xylem dimorphism may assure both hydraulic efficiency and safety (Baas et al. 2004 , Gutierrez et al. 2009 , Carvalho et al. 2015 . In addition, considering that smaller pit pores are more resistant to the air spread from adjacent embolized conduits (the pit area hypothesis; Wheeler et al. 2005 , Hacke et al. 2006 , great cavitation resistance in the two species might be associated with their intervessel pit structure (e.g., pit size, pit density and membrane thickness), but further studies are needed to evaluate this. Therefore, the two Bauhinia species were capable of escaping the hydraulic tradeoff (Figure 3) , which might be a reason for their common occurrence in the two tropical forests with contrasting soil water conditions. Similarly, Choat et al. (2007) investigated hydraulic traits of nine Cordia species from three tropical forests differing in precipitation, with one species (Cordia allidora) that could establish across the three sites. They found no hydraulic tradeoff as well, and a combination of high conductivity and low vulnerability in the widespread species.
Conclusions
Our results provide evidence of a significant tradeoff between hydraulic efficiency and safety across the dominant and typical woody species from a tropical KF and a NKF. Species from KF tend to show higher sapwood density, smaller vessels, lower specific hydraulic conductivity and leaf to sapwood area ratio, and are more resistant to cavitation than those from NKF. This indicated a hydraulic adaptation in the karst woody species to the water-stressed environment. We suggest that the hydraulic tradeoff would be an important underlying mechanism governing species distribution across tropical forests with different soil water availabilities. In addition, we also find that two Bauhinia liana species show a distinct hydraulic combination of fast hydraulic efficiency and great resistant to cavitation. They can escape from the hydraulic tradeoff, which might explain their distributions across wide water availability gradients in tropical forests. More investigations involving a broader range of species are needed to evaluate the unusual hydraulic characteristics, Figure 3 . Relationships between xylem water potential at 50% loss of hydraulic conductivity (P50) and (a) sapwood specific hydraulic conductivity (k s ), (b) hydraulically weighted vessel diameter (D H ) and (c) sapwood density (WD) across 23 woody species. Symbols: dark gray diamonds, two common Bauhinia liana species (Bto and Bte); gray squares, species from tropical non-karst rain forest; white circles, species from tropical karst forest. The symbols of lianas are crossed. No significant differences in these traits was found between sites for the two Bauhinia liana species (see Table S2 available as Supplementary Data at Tree Physiology Online), so we showed the mean values of each trait calculated from all the replicates. Note that Bto and Bte surrounded with an ellipse are excluded from the regression lines. Error bars represent the standard errors.
Tree Physiology Online at http://www.treephys.oxfordjournals.org which would substantially improve our understanding on the diversity of plant hydraulics.
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